In the present work we studied the thermal diffusion behavior of n-decane in various alkanes by thermogravitational column (TC) techniques and thermal diffusion forced Rayleigh scattering (TDFRS) method. The investigated lighter alkanes compared to n-decane are n-pentane, nhexane, n-heptane, n-octane and the heavier ones are n-tetradecane, n-pentadecane, n-hexadecane, n-heptadecane, n-octadecane and n-eicosane. The binary mixture n-decane/n-pentane we investigated at several different concentrations all other mixtures were only investigated at a mass fraction of 50%. Even for the volatile n-pentane/n-decane mixture the deviations between the thermal diffusions coefficients determined by the different methods agreed within the error bars. Typically the agreement between the two methods was in the order of 5%. Compared to recently published TC and TDFRS data we found deviations in the order of 30 up to 40%. We analyze and discuss the possible reasons for the discrepancies for the present and the past publications.
I. INTRODUCTION
The coupling between a temperature gradient and a resulting mass flux is denoted thermal diffusion or Ludwig-Soret effect in accordance with its discover and its first investigator.
Particularly, the investigation of crude oil components such as alkanes and organic ring compounds is of practical relevance, because the determination of reliable model parameters is essential for the characterization of geological fields. [1] [2] [3] Additionally the effect plays also an important role in separation techniques for liquid mixtures (see e.g. Refs. [4] [5] [6] [7] ).
In the simple case of a binary mixture with constant pressure there is a mass diffusion current j D = −ρD∇c and a thermal diffusion current j T = −ρD T c(1 − c)∇T , with c the mass fraction, ρ the density of the liquid, and D and D T the mutual mass and thermal diffusion coefficients, respectively. In the stationary state the two flows cancel and the resulting concentration gradient is given by ∇c = −S T c(1 − c)∇T.
(1)
The thermal diffusion of non-polar fluid mixtures is sometimes governed by the mass, size, and shape of the molecules as well as their interactions (see Ref. [7] for a review). The influence of the physical parameters on the thermal diffusion behavior has been systematically investigated for isotopic mixtures of benzene and cyclohexane. 8, 9 For these mixtures it was found that the Soret coefficient depends on the mass and moment of inertia difference but also on a chemical contribution. In the case of polar mixtures, specific interactions between the molecules dominate the thermal diffusion process while mass and size are not so important.
A number of studies have focused on the Soret effect in mixtures containing an alkane as one of the components. Different experimental techniques were applied to investigate the thermal diffusion behavior of toluene/hexane, [10] [11] [12] alkane/alkane, [13] [14] [15] cyclohexane/benzene, 8 and n-alkane/benzene 12, [16] [17] [18] [19] [20] [21] mixtures. Also in a benchmark study of three binaries one of the components was an alkane. 22 In the past also thermodynamic models 23 have been tested and simulations 13 have been performed for alkane mixtures.
Alkanes belong to the class of non-polar mixtures. Often they are treated as ideal mixtures, because the minor microscopic effects, such as the conformational changes in the molecules have only a very small effect on the usual thermodynamic properties of alkane/alkane mixtures. This tendency is also confirmed in a recent thermal diffusion study of alkane/alkane mixture, 14, 15 which shows that always the heavier component moves to the cold region. On the other hand minor microscopic effects contribute significantly to entropic and enthalpic thermodynamic properties. 24 Those deviations from ideality of linear alkanes are for instance also reflected in larger excess enthalpies compared to branched alkanes.
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This might also be reason for the observation that the heavier linear alkanes in equimolar mixtures of alkane/benzene mixtures tend to move to the warm side, while the highly branched alkanes accumulate at the cold side and show a more normal behavior. 21 If one uses the rule of the thumb that the denser component moves to the cold side the situation is reversed, because for example the density of heptane and its isomers is lower than the density of benzene, while the mass of benzene is larger than the mass of heptane. In order to complicate the situation even more 2,2,4-trimethylpentane an isomer of octane in benzene shows even a sign change with concentration.
We focus in this work on the Soret effect in binary alkane/alkane mixtures for which we expect a normal behavior. All mixtures are investigated by thermogravitational column (TC) technique and thermal diffusion forced Rayleigh scattering (TDFRS) method. First we investigate the binary mixture n-decane/n-pentane at several different concentration at 27
• C.
This mixture we studied even with a cylindrical and parallelepipedic thermogravitational column. The experimental data are compared with earlier experimental data and simulation results. 13 Additionally, we investigated binary mixtures of n-decane in n-hexane, n-heptane, n-octane, n-tetradecane, n-pentadecane, n-hexadecane, n-heptadecane, n-octadecane and neicosane at a weight fraction of 50%. The obtained experimental data are also compared with recent measurementy by the TC method.
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II. EXPERIMENT
A. Sample preparation
Thermogravitational columns:
All the products used in the TCs were purchased from Merck with a purity better than 99%. First we always filled in the less volatile component, i.e., the alkane with higher molecular weight; then the corresponding amount of the second alkane is added. The concentrations of the binary mixtures were adjusted by weighting both components separately.
The mixtures for the parallelepipedic TC were prepared with a balance with a capacity up to 310 g and an accuracy of 0.0001 g. For the mixtures of the cylindrical TC we used a balance with a capacity up to 4500 g and an accuracy of 0.01 g. The sample volume needed to run an experiment in the parallelepipedic and cylindrical TC is approximately 25 cm 3 and 300 cm 3 , respectively. As verification, before and after each experimental run the concentration of the mixture had been determined. The observed concentration change was typically in the order of ∆c 0 = 0.0005.
TDFRS:
The alkanes n-pentane ( 99%), n-hexane ( 99%), n-heptane ( 99.5%), n-octane ( 99.5%), n-octadecane ( 99%) and n-tetradecane ( 99%) were purchased from Fluka; ndecane ( 99%), n-heptadecane (99%) and n-eicosane (99%) were ordered from Aldrich. The B. Data analysis and set-up
Thermogravitational columns:
The TC theory provides a relation between the stationary separation ∆c and the thermodiffusion coefficient D T . For more details see Ref. [26] :
Where α = −(1/ρ)(∂ρ/∂c) is the thermal expansion coefficient, ρ the density of the mixture with the initial mass concentration c 0 , ν the kinematic viscosity and g the gravity acceleration. L z is the height of the column, which is 500 mm for the cylindrical TC and 530 mm for the parallelepipedic TC. And L x is the gap between the two vertical walls, which is 1.000 ± 0.005 mm for the cylindrical TC and 1.50 ± 0.01 mm for the parallelepipedic TC. Just taking into account the uncertainty in the gap dimension (L x ) leads to an relative systematic error in the order of 2% and 2.7% for the cylindrical and parallelepipedic TC.
The mass separation between the two ends of the column ∆c is determined from a calibration curve which relates mass fraction and density. In order to make the calibration, five mixtures with known concentration, close to the initial mass fraction (c 0 ± 0.02) are prepared by weighting. The accuracy of the determined mass is 0.0001 g. For the investigated mixtures we obtained always a linear relation between the density and the mass fraction.
From the calibration curve the mass expansion coefficient β = (1/ρ) (∂ρ/∂c) is obtained.
An example for the mixture n-decane/n-pentane is shown in the figure 1a .
We determine the stationary mass separation between the two ends of the column using 6 the following expression:
where ∂ρ/∂z is the vertical density gradient along the TC. The density gradient ∂ρ/∂z is obtained from five samples which are equally distributed along the height of the TC. In all mixtures studied in this work the variation of the density with height is linear. A typical experimental result is shown in figure 1b.
The stationary state is determined by the following expression 12 :
where t r is the relaxation time and ∆T is the applied temperature difference between the two vertical walls. ∆T has been adjusted to 6
• C, although in the stationary state the mass separation is independent of the applied temperature gradient. 27 Typically the time for reaching the stationary state is 5 times the relaxation time. We have repeated each measurement at least 3 times and in one measurement we waited 15 times the relaxation time. All experimental results agreed with 2%, which indicates that the chosen time, has been long enough to reach the stationary state. Figure 1c shows the mass separation of the mixtures n-decane/n-pentane at different initial mass fractions. The separation ∆c shows a maximum at a mass fraction of n-decane at c = 0.6.
TDFRS:
The thermal diffusion behavior of the solutions was investigated by thermal diffusion forced Rayleigh scattering (TDFRS). A detailed description of the set-up can be found elsewhere.
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The heterodyne diffraction signal ζ het is evaluated by the equation,
with the refractive index increment with concentration at constant pressure and temperature (∂n/∂c), the derivative of the refractive index with temperature at constant pressure and concentration (∂n/∂T ) and the collective diffusion coefficient D. properties of all the mixtures studied in this work are shown in Table I .
D. Viscosity measurements
The dynamic viscosity has been determined by a HAAKE falling ball viscosimeter with an estimated accuracy of ±1%. The temperature stability is ±0.1
• C. The volume needed to make one viscosity measurement is approximately 40 ml. The dynamic viscosity µ listed in Table I are the average of at least 8 individual measurements with typical standard deviation below 1%.
E. Refractive index increments
An Anton Paar RXA 156 refractometer has been used to measure the refractive index increments with the mass concentration (∂n/∂c) (see Table I ). It has a repeatability of 2 · 10 −5 and the temperature accuracy is ±0.01
• C. The volume needed to make one measurement is less than 1 ml. For all investigated temperatures and concentrations we find a linear dependence of the refractive index on concentration if the temperature is fixed or on temperature if the concentration is fixed. For all mixtures we determined the (∂n/∂c) values. We would like to point out that the refractive index increments with concentration, which had been determined for the mixture n-decane/n-pentane in the previous work 13 by an Abbe refractometer agreed with the new values within the error bars.
For the TDFRS measurements for all mixtures except for the system n-decane/n-pentane (∂n/∂T ) was directly measured by an interferometer. In the case of n-decane/n-pentane (∂n/∂T ) the reliablity of the refractometer was better, because due to the long measurement time in the interferometer pentane evaporated partly, which lead to concentration changes during the measurement. The contrast factors (∂n/∂c) and (∂n/∂T ) for two groups of mixtures are listed in Table I . 
III. RESULTS AND DISCUSSION
A. Thermal diffusion behavior of n-decane in n-pentane Figure 2 shows the thermal diffusion coefficient D T for n-decane in n-pentane for several mass fractions of n-decane. In general D T decays with increasing n-decane content. The measurements between the parallelepipedic and cylindrical thermogravitational columns agree typically better than 5%. We estimated the error bars for the TC by error propagation taking into account the experimental uncertainties of the auxiluary quantities such as viscosity (< 1%), mass expansion (< 1%), thermal expansion (< 0.5%), variation of the density with height in the column (typically better than 2% and 3% for cylindrical and parallelepipedic TC, respecively) and geometrical parameters (typically better than 1% and 3% for cylindrical and parallelepipedic TC). The error bars for the TDFRS data correspond to one standard deviation of the mean for repeated measurements. The actual TDFRS data are systematically 5-11% higher than the TC data, but agree within the error bars. The highest deviation in comparison with the TDFRS data of 11% has been found for the lowest pen-tane content. This concentration is the one, which is most sensitive to the evaporation of pentane. The same absolute loss of pentane leads for this concentration to a much larger relative concentration change compared to concentrations with a higher pentane content.
In both experiments a potential loss of pentane was carefully monitored as described in Sections II A 1 and II A 2, respectively. The expected changes in concentration are smaller than the symbol size.
In addition, the thermal diffusion coefficient of n-decane in n-pentane mixtures for different concentrations deviate less than 3% from the values obtained with another cylindrical column, 29 which is an independent measurement by another group.
The old TDFRS measurements 13 are systematically 10-20% lower than the present TD-FRS data and the deviation with the TC data are in the order of 5-15%. The deviations between the two sets of TDFRS data can probably be explained by the fact that at that time the data had not been corrected by the so-called excitation function which accounts for time delays in the electrical switching of the Pockels cell. A detailed description of the procedure can be found in Ref. [28] .
We compare also our new TC and TDFRS data with previous non-equilbrium molecular dynamic simulation results for the system n-decane/n-pentane by Perronace et al. 13 (see Table II ). The simulations have been carried out in the center-of-mass reference frame and the resulting transport coefficients have been transformed to the center-of-volume reference frame, which corresponds to the situation in the experiment. The statistical uncertainty of the simulations is in the order of 35%, while the systematic deviations between experimental and simulation data are in the order of 15-40%. For instance for the equimolar mixture ndecane/n-pentane the data agree almost within the error bars.
B. Thermal diffusion behavior of n-decane in various alkane at equal mass ratio
Additionally we performed measurements for n-decane with various shorter and longer linear alkanes. The thermal diffusion and diffusion coefficients for n-decane in various alkanes with a mass fraction of 50% at T =25
• C are listed in Table III . For comparison we list also previous thermal diffusion data, which have also been obtained by a parallelepipedic TC but with different dimensions. 15 The diffusion coefficients from the same reference Firoozabadi. 15 As expected the thermal diffusion coefficient of n-decane in shorter alkane is positive, and therefore the n-decane goes towards the cold region, while it becomes negative when the mass of the second component becomes larger, which implies that n-decane migrates to the warm side. The agreement between the cylindrical TC and the TDFRS data is typically better than 5%.
If we compare our data with recent data in the literature, 15 we find deviations between TC used in Ref. [15] . Therefore, the difference in the thermal diffusion coefficient, D T , determined with those two columns (Ref. [15] and this work) becomes larger for mixtures with a small mass separation. This tendency can be observed for the mixtures n-decane/nheptane and n-decane/n-hexadecane. In contrast to the previous measurements we could not confirm the non-monotonic trend of the thermal diffusion coefficient with increasing molecular weight of the second component. Both measurement techniques, TC and TDFRS indicate that D T becomes constant and therefore independent of the molecular weight of the second component. This is also the behavior, which has been observed for infinite diluted solutions of polymers.
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Figure 3 finds deviations larger than 30% in the entire molar mass range of the second compound.
Typically the agreement is better for the higher molar mass components than the lower molecular weight components, therefore evaporation problems might be responsible for these discrepancies.
In Figure 3c we compare the Soret coefficients determined by the TDFRS method with the previous results by Leahy-Dios and Firoozabadi. 
IV. CONCLUSION
In this paper, we studied systematically binary alkane mixtures by two different techniques, a convective method the thermogravitational column (TC) (paralelepipedic and cylindrical configurations) technique and a non-convective method thermal diffusion forced Rayleigh scattering (TDFRS). In general we found a very good agreement between these two methods. Nevertheless we found some discrepancies with data published in the literature. The observed disagreement between the published TDFRS 13 data for the mixture n-decane/n-pentane is probably caused by an improved data analysis algorithm, which accounts for finite rising times and slow drifts of the electro-optic devices used in the experiment. Additionally we found discrepancies with recently published TC data. 15 We assume that the reason for the disagreement of the recent TC data is the larger gap L x in the previously used cell 15 compared to the cells used in this work. The larger gap decreases the accuracy of determinig the mass separation between the two ends of the TC. This is especially important for the mixtures of decane, with the higher alkanes. Neither our TC nor our TDFRS measurements showed the upward trend of the thermal diffusion coefficient, D T , for the higher alkanes, which was recently observed. 15 Our measurements seem to indicate that the thermal diffusion coefficient becomes independent of the molar mass of the second component. This issue could certainly be further investigated by molecular simulations as it has been done for alkane mixtures and other small molecules.
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